A variety of neurons and synapses shows a maximal response at a preferred frequency, generally considered to be important in shaping network activity. We are interested in whether all neurons and synapses in a recurrent oscillatory network can have preferred frequencies and, if so, whether these frequencies are the same or correlated, and whether they influence the network activity. We address this question using identified neurons in the pyloric network of the crab Cancer borealis. Previous work has shown that the pyloric pacemaker neurons exhibit membrane potential resonance whose resonance frequency is correlated with the network frequency. The follower lateral pyloric (LP) neuron makes reciprocally inhibitory synapses with the pacemakers. We find that LP shows resonance at a higher frequency than the pacemakers and the network frequency falls between the two. We also find that the reciprocal synapses between the pacemakers and LP have preferred frequencies but at significantly lower values. The preferred frequency of the LP to pacemaker synapse is correlated with the presynaptic preferred frequency, which is most pronounced when the peak voltage of the LP waveform is within the dynamic range of the synaptic activation curve and a shift in the activation curve by the modulatory neuropeptide proctolin shifts the frequency preference. Proctolin also changes the power of the LP neuron resonance without significantly changing the resonance frequency. These results indicate that different neuron types and synapses in a network may have distinct preferred frequencies, which are subject to neuromodulation and may interact to shape network oscillations.
Introduction
Most synapses show short-term plasticity (Klug et al., 2012; Regehr, 2012; Blackman et al., 2013) . In oscillatory networks, shortterm plasticity allows synapses to exhibit frequency-dependent efficacy (Nadim and Manor, 2000; Fortune and Rose, 2001; Abbott and Regehr, 2004; Bao et al., 2010) by adjusting the synaptic strength in response to input frequency (Rothman et al., 2009; Regehr, 2012) . The most common forms of short-term plasticity are depression and facilitation (Fioravante and Regehr, 2011) , but synapses often demonstrate both, resulting in a preferred presynaptic frequency at which the synapse responds with maximal efficacy (Markram et al., 1998; Izhikevich et al., 2003; Drover et al., 2007; Oh et al., 2010) .
Similarly, many neurons exhibit preferred frequencies in the form of membrane resonance, a maximum impedance in response to subthreshold input at a preferred (resonance) frequency (Hutcheon and Yarom, 2000) . In a number of oscillatory networks the resonance frequency of neurons has been shown to correlate with the network frequency (Wu et al., 2001; Tohidi and Nadim, 2009; Lau and Zochowski, 2011; Ledoux and Brunel, 2011; Sciamanna and Wilson, 2011; Moca et al., 2014) . However, the network frequency is usually reported as a range of values and it is unclear whether different neuron types have distinct preferred frequencies.
We examine the hypothesis that neurons and synapses in an oscillatory network have the same preferred frequency, which shapes the network frequency. We address this hypothesis using identified neurons and synapses in a reciprocally inhibitory network. The pyloric network in the crustacean stomatogastric ganglion (STG) produces a stable triphasic rhythm (ϳ1 Hz), driven by the synchronous bursting of a pacemaker group [anterior burster (AB) and pyloric dilator (PD)], which drives follower neurons with strong inhibitory synapses (Marder and Eisen, 1984; Rabbah and Nadim, 2007) . The lateral pyloric (LP) follower neuron provides inhibitory feedback to the PD neurons (Miller and Selverston, 1982; Mamiya and Nadim, 2004) . In the crab Cancer borealis, the AB and PD neurons exhibit resonance with a frequency that is correlated with the pyloric network frequency (Tohidi and Nadim, 2009) . Furthermore, the PD neuron resonance is nonlinear and strongly influenced by its voltage range (Tseng and Nadim, 2010) . The reciprocal synapses between the pacemaker neurons and the LP neuron are known to exhibit short-term depression (Manor et al., 1997; Mamiya and Nadim, 2004; Rabbah and Nadim, 2007) . Additionally, endogenous peptide neuromodulators such as proctolin can modulate these syn-apses and alter synaptic dynamics (Thirumalai et al., 2006; Nadim and Sheibanie, 2010; .
We investigate whether the follower LP neuron also exhibits resonance and characterize how changes in its voltage range may alter its resonance properties. Additionally, we show that the reciprocal synapses between the pacemakers and LP have preferred frequencies and explore the relationship between the resonance frequency of the presynaptic neurons and the preferred frequencies of the synapses. We then focus on the LP to PD synapse and examine how its frequency preference properties depend on the synaptic activation curve and, therefore, on the presynaptic voltage amplitude. Finally, we examine how the increase in synaptic efficacy and the shift in the synaptic activation curve by the neuropeptide proctolin affect the preferred frequency of the LP to PD synapse.
Materials and Methods
Experimental protocols. Adult male crabs (C. borealis) were purchased from local seafood markets and kept in tanks filled with artificial sea water at 10Ϫ12°C until use. Before dissection, crabs were placed on ice for 20 -30 min to anesthetize them. The dissection was performed following standard protocols as described previously (Mulloney and Selverston, 1974; Tohidi and Nadim, 2009 ). Briefly, after dissection, the stomatogastric nervous system-including the commissural ganglia, the esophageal ganglion, the STG, the nerves connecting these ganglia and the motor nerves-was dissected and pinned down in a 100 mm Petri dish coated with clear silicon elastomer Sylgard (Dow Corning). The STG was desheathed to expose the neurons for impalement. During the experiment, the preparation was superfused with normal Cancer saline (11 mM KCl, 440 mM NaCl, 13 mMCaCl 2 ⅐ 2H 2 O, 26 mM MgCl 2 ⅐ 6H 2 O, 11.2 mM Trizma base, and 5.1 mM maleic acid, pH 7.4 -7.5) at 10Ϫ13°C. The PD and LP neurons were identified by matching their intracellular activity with the extracellular action potentials on the corresponding motor nerves.
Intracellular recordings were done using Axoclamp 2B amplifiers (Molecular Devices). Intracellular glass electrodes were prepared using a Flaming-Brown micropipette puller (P97; Sutter Instrument) and then filled with the electrode solution (0.6 M K 2 SO 4 and 0.02 M KCl; electrode resistance 15-30 M⍀). Extracellular recordings from identified motor nerves were obtained using stainless steel wire electrodes, inserted inside and outside of a petroleum jelly well, built to electrically isolate a small section of the nerve. Extracellular recordings were obtained using a differential AC amplifier (A-M Systems 1700).
Logarithmic ZAP function. To examine the properties of the neurons and synapses at a range of frequencies, a ZAP (chirp) function was applied to the presynaptic neuron. This function can be described as follows:
where B is the baseline, A is the amplitude, and f(t) is a monotonically increasing function that determines the frequency range to be covered. When the ZAP function was applied in voltage clamp, B ϭ V low and A ϭ V high Ϫ V low (see next section). To obtain a larger sample set at the lower frequency range, we used a logarithmic ZAP function by setting f(t) to be the following:
where F beg and F end are the initial and final frequencies in the sweep, and T is its total duration. For the voltage range experiments, we used a frequency range from F beg ϭ 0.1 to F end ϭ 4 Hz. After obtaining preliminary results that showed the synaptic preferred frequency to be Ͻ1 Hz, we used a frequency range from F beg ϭ 0.1 to F end ϭ 2 Hz for better resolution when measuring the synaptic output. All sweeps used were with T ϭ 100 s. Longer sweeps did not produce a different result, presumably because we were limiting the sweep to a low range of frequencies. Also, several trials in which we ran the sweep in the opposite direction, from 4 to 0.1 Hz, produced identical results and these are not shown. In every experiment, we also added three precycles of sinusoidal waveform at the lowest frequency (F beg ϭ 0.1 Hz), before transitioning smoothly into the ZAP function, to avoid transients at the beginning of the sweep. The final sweep duration in each run was therefore 130 s. Measurement of membrane-potential resonance in the LP neuron. After identifying the neurons, we used 10 Ϫ7 M TTX (Biotium) to block action potentials, which also effectively blocks the release of endogenous neuromodulators and ongoing oscillations. We used two-electrode voltage clamp and clamped the LP neuron and applied the ZAP function voltage waveform and recorded the injected current. In each sweep, the membrane potential was clamped first at a holding value equal to the minimum value of the ZAP function (V low , usually Ϫ60 mV), followed by the ZAP function protocol (see above). Each data point reported is the average of three applications (sweeps) of the ZAP function. The ZAP function had a voltage range depending on the experiment design. Our control voltage range was V low ϭ Ϫ60 mV to V high ϭ Ϫ30 mV. To examine the effects of shifting the oscillation voltage range, we shifted the maximum voltage V high by Ϯ4 mV (to Ϫ34, Ϫ30, and Ϫ26 mV) or, alternatively, we shifted the minimum voltage V low by Ϯ10 mV (Ϫ70, Ϫ60, and Ϫ50 mV; Tseng and Nadim, 2010). The impedance profile was generated in MATLAB (MathWorks). The impedance, Z( f ), was obtained by calculating the ratio of voltage to current as a function of frequency. We defined the membrane potential resonance frequency as the (nonzero) frequency at which the neuron has the maximum of the impedance power ͉Z( f)͉. In the Results, we refer to the impedance power as impedance.
Measurement of synaptic preferred frequency and phase. The synapses between pyloric neurons have both spike-mediated and graded-release components (Graubard et al., 1980; . In this study we focused on the graded component of release, which is believed to be the dominant component in the pyloric network (Graubard et al., 1983; Hartline et al., 1988; Manor et al., 1997) . The 10 Ϫ7 M TTX treatment blocked the production of action potentials, leaving only graded release of neurotransmitter. We used two electrodes each to voltage clamp both the presynaptic and postsynaptic neurons. The presynaptic neurons were voltage clamped with the ZAP function at different voltage ranges, as in the measurements of the membrane potential resonance described above, and each data point reported is the average of three sweeps of the ZAP function. The postsynaptic neuron was voltage clamped at a holding potential of Ϫ40 mV, away from the synaptic reversal potential of approximately Ϫ80 mV (Goaillard et al., 2009) , to record the synaptic current.
The pyloric pacemaker neurons AB and PD both inhibit the follower pyloric neurons (Fig. 1A ) and, as previously described, release different neurotransmitters and have distinct synaptic output dynamics (Rabbah and Nadim, 2007) . However, despite the differences between these two synapses, the follower pyloric neurons receive a combined synaptic input from these pacemaker group neurons because AB and PD are always coactive. In this study, we do not measure the AB and PD neuron synaptic outputs separately, but as a combined synaptic current in the postsynaptic LP neuron. This current is measured in response to stimulations of the presynaptic PD neuron which, as we have shown previously (Rabbah and Nadim, 2007) , produces synaptic release from both the PD and the AB neurons. However, the major component of this synaptic current in the crab is from the AB neuron (D. Martinez and F. Nadim, unpublished observations). We will henceforth refer to this combined synapse as the PD to LP synapse (Fig. 1B) .
The frequency-dependence profiles of the synaptic current were generated in MATLAB. We discarded the precycles to avoid possible transient effects. For each oscillation cycle, the amplitude and time to peak (in reference to the peak of the presynaptic voltage) of the synaptic current and the frequency of the cycle were measured. These measurements provided plots of synaptic amplitude and synaptic peak phase versus the presynaptic oscillation frequency. Synaptic peak phase was defined as the time to peak normalized by the cycle period. The data points for the synaptic amplitude versus frequency plots were fit with a seventh degree polynomial equation and the synaptic preferred frequency was defined as the peak frequency of the fit curve.
The power of the synaptic frequency preference. To measure how strong the synaptic current was at the preferred frequency compared with its strength at other frequencies, we used an empirical measure of the power (or kurtosis) of the synaptic profile (IPSC vs input frequency curve). This empirical measure ( R) was calculated as the absolute value of the product of the chord slopes S 1 and S 2 of the synaptic profile, measured from the peak to both ends (at 0.1 Hz or 2 Hz; Fig. 7B , inset). Thus, if the synaptic current was larger at the peak compared with the two ends, the value of R would be higher. In contrast, when the frequency-dependent profile decreased or increased monotonically, the peak would occur at the end of the profile and either S 1 or S 2 (and therefore R) would be 0.
Activation curve of the LP to PD synapse. After TTX application, the presynaptic neuron was voltage clamped at Ϫ60 mV and then depolarized with a train of five pulses (duration: 500 ms; interpulse interval: 500 ms) of the same amplitude. This train was then repeated with different pulse amplitudes ranging from 10 to 50 mV, in 5 mV intervals. The postsynaptic neuron was voltage clamped at Ϫ40 mV to record the synaptic current in response to the presynaptic pulses. The peak amplitude of synaptic current during the fifth pulse (steady state) was plotted as a function of the peak voltage of the presynaptic voltage pulse. To obtain the synaptic activation curve, we measured the values of steady-state synaptic current. The resulting synaptic currents were then fit with the Boltzmann equation:
where V pre is the presynaptic potential, V 1/2 is the half-activation voltage. and k determines the slope of the sigmoidal fit. Neuromodulation by proctolin. We examined the effects of the modulatory peptide proctolin on the on V 1/2 and maximum IPSC amplitude of the LP to PD synapse. Proctolin (American Peptide) was dissolved as a stock solution in distilled water and stored in aliquots of a concentration 10 Ϫ3 M and frozen at Ϫ20°C. The final concentration of 10 Ϫ7 M was prepared by dissolving the stock solution in Cancer saline. This concentration was specifically chosen, as proctolin at higher concentrations sometimes results in membrane voltage fluctuations even in TTX and makes voltage-clamp control of the neuron problematic. Proctolin was superfused for 30 min before clamping the neuron with the ZAP function.
Voltage range of the LP neuron and the activation curve of the LP to PD synapse during the ongoing activity. To measure the voltage range of the LP neuron oscillation, we recorded the LP membrane potential during the ongoing pyloric rhythm activity and then applied a low-pass filter at 10 Hz cut-off frequency to remove the action potentials (Tseng and Nadim, 2010) . The maximum and minimum voltages of the slowoscillation waveforms were measured from the filtered recording.
Recording, analysis, and statistics. Data were acquired using pClamp 9.2 (Molecular Devices) and the Scope 7.75 software developed in our laboratory, sampled at 4 -5 kHz, and saved on a PC using a Digidata 1332A (Molecular Devices) and a PCI-6070-E data acquisition board (National Instruments). Statistical and graphical analyses were done using SigmaPlot 11 (Systat Software) and Origin 8.0 (OriginLab). Reported statistical significance indicated that the achieved significance level p was below the critical significance level ␣ ϭ 0.05. Repeated statistics on the same datasets were corrected using the Bonferroni method. Error bars shown and error values reported denote SD. All graphs in which asterisks are used for significance levels follow *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001.
Results
The neurons and synapses in many oscillatory networks exhibit frequency-dependent properties that potentially play important roles in shaping network activity (Markram et al., 1998; Schreiber et al., 2004; Rabbah and Nadim, 2007) . Previous work has shown that the pacemaker AB and PD neurons in the pyloric network exhibit preferred frequencies and that these preferred frequencies are correlated with the frequency of network activity (Tohidi and Nadim, 2009; Tseng and Nadim, 2010). Our goal in the current study was to explore whether the follower pyloric neurons as well as the synaptic currents between pacemaker and follower neurons also exhibited preferred frequencies and, if so, whether the frequencies were similar to the preferred frequency of the pacemaker neurons and the network frequency (f network ). We focused on the follower neuron LP and the reciprocal synapses between the AB/PD pacemaker group and the LP neuron (Fig. 1 ).
The LP neuron shows membrane potential resonance
The resonance frequency of the PD neuron has been shown to be the same whether it is measured in current clamp or voltage clamp (Tseng and Nadim, 2010) . However, voltage-clamp measurements allow a more precise control of the membrane potential range of the neuron, which may influence the resonance frequency. We measured the LP neuron impedance profile by voltage clamping the neuron with a ZAP function sweeping a frequency range of 0.1-4 Hz and a voltage range from Ϫ60 to Ϫ30 mV ( Fig. 2A) . A calculation of the impedance profile showed that the follower LP neuron exhibits a resonance frequency f max-LP ϭ 1.42 Ϯ 0.42 Hz (N ϭ 27).
The voltage range of the bursting oscillations of the LP neuron depends on the modulatory state of the network as well as the strength of the synaptic input it receives from the pacemaker neurons (Rabbah and Nadim, 2007; Taylor et al., 2009 ). Our previous work had shown that the membrane potential resonance frequency in the PD neuron depends on the maximum and minimum voltage range (Tseng and Nadim, 2010) . To see if f max-LP is also sensitive to the LP waveform voltage range, we shifted the maximum or minimum of this voltage range (V high and V low ) and measured the impedance profile. From the initial value, we shifted V high by Ϯ4 mV (to Ϫ34, Ϫ30, and Ϫ26 mV; Fig. 2B1 ) or, alternatively, we shifted V low by Ϯ10 mV (Ϫ70, Ϫ60, and Ϫ50 mV; Fig. 2B2 ). We found that, similar to our previous findings for the PD neuron (Tseng and Nadim, 2010) , changing the maximum voltage range significantly shifted f max-LP in the same direction (N ϭ 12; one-way ANOVA; p Ͻ 0.001; Fig. 2C1 ). However, in contrast to the findings for the PD neuron, shifting the minimum of the voltage range had no effect on f max-LP (N ϭ 15; one-way ANOVA, p ϭ 0.44; Fig. 2C2 ).
The synapses between the pacemaker AB/PD neurons and the follower LP neuron have preferred frequencies for amplitude and phase We examined the frequency dependence of the combined synapse from the pacemaker neurons to the LP neuron (the PD to LP synapse; Rabbah and Nadim, 2007) as well as the feedback synapse from the LP to the PD neuron. The presynaptic neuron was voltage clamped with a ZAP function and the postsynaptic neuron was voltage clamped at a holding potential of Ϫ40 mV to measure the IPSC (Fig. 3A) . By measuring the amplitude of synaptic current in each cycle as a function of the cycle frequency, a frequency-dependent profile of the IPSC was generated (Fig.  3B1,B2 ). The profiles showed that, as the frequency of presynaptic oscillation was increased, the synaptic current first increased and then decreased both in the PD to LP synapse (Fig. 3B1 ) and in the LP to PD synapse (Fig. 3B2) . As a result, there was a unique preferred frequency ( f max ) at which the synaptic current reached its peak value (vertical arrows in Fig. 3A1 ,A2, bottom traces, B1,B2). These results, together with our previously published data (Tohidi and Nadim, 2009), show that both PD and LP neurons show membrane potential resonance, and the reciprocal synapses between the two also exhibit preferred frequencies. The PD to LP synapse had an f max of 0.49 Ϯ 0.11 Hz and the LP to PD synapse had an f max of 0.70 Ϯ 0.13 Hz (N ϭ 16 each; statistical comparisons for frequencies are provided in the following section). Additionally, the peak amplitude of the LP to PD IPSC was significantly larger at the preferred frequency than that of the PD to LP synapse ( Fig. 3B2, inset ; N ϭ 16, Bonferroni-corrected paired Student's t test, p ϭ 0.003). Another frequency-dependent attribute of synapses is the peak phase of the synaptic current ( Fig. 3C ; also see Materials and Methods). For both synapses, the peak phase was negative at low frequencies and positive at high frequencies, indicating that the synapse peaked before (after) the presynaptic voltage at low (high) frequencies (Fig. 3D) . We also found that the PD to LP synapse had a significantly higher peak phase than the LP to PD synapse at all frequencies Ͼ0.5 Hz (N ϭ 16; two-way ANOVA with post hoc Tukey analysis).
The relationship between membrane potential resonance frequencies and the synaptic preferred frequencies The pyloric network is normally active with a regular oscillation cycle frequency of ϳ1 Hz (as seen in the out-of-phase activities between the AB/PD and LP neurons; Fig. 1A ). Our previous results have shown a close relationship between the PD resonance frequency and the pyloric cycle frequency (Tohidi and Nadim, 2009). We were interested in determining whether the membrane potential resonance frequency of the pacemaker PD neuron is Figure 2A shows that the postsynaptic neuron (LP in A1, PD in A2) had an IPSC that is maximal at one frequency (vertical arrow in bottom trace). This frequency was always at a lower frequency than the presynaptic resonance frequency (vertical arrow in middle trace). Horizontal arrows mark Ϫ60 mV or 0 nA. B, The peak amplitude of the IPSC (PD to LP in B1, LP to PD in B2) is shown as a function of the presynaptic waveform frequency in each cycle. A polynomial fit of this graph was used to determine the synaptic preferred frequency. The peak IPSC amplitude was significantly higher for the LP to PD synapse compared with the PD to LP synapse (B2 inset; N ϭ 16). C, Sample trace showing that the IPSC peaked at a different phase (⌬t/period) depending on the presynaptic period. Two cycles from A1 are superimposed to show the change in the relative peak of the IPSC. D, The peak phase of both synapses shows a significant increase as a function of the presynaptic frequency. Additionally, the PD to LP synapse has a later peak phase compared with the LP to PD synapse at all frequencies above 0.5 Hz (N ϭ 16; two-way ANOVA with post hoc Tukey analysis). The vertical arrows mark the frequencies shown in C with the corresponding color. similar to that of the follower LP neuron, and also whether either of these frequencies is close to the preferred frequencies of their reciprocal pyloric synapses. To address this point, we measured all five frequencies simultaneously in the same preparation (Fig.  4A) . We found that the preferred frequencies of the synapses were not significantly different, but were significantly lower than the network cycle frequency and also lower than the resonance frequency of the respective presynaptic neuron (Figs. 3A1, A2 , arrows, 4A; N ϭ 16, one-way RM-ANOVA with post hoc Tukey analysis). Although the membrane potential resonance frequency of the LP neuron was significantly higher than that of the PD neuron, neither was significantly different from the network cycle frequency.
So far, we have shown that the LP and PD neurons and the synapses between them have preferred frequencies and the preferred frequencies of the synapses are lower than those of the presynaptic neurons. Both the resonance frequency and the synaptic IPSCs were measured by enforcing an oscillatory activity (ZAP) on the presynaptic neuron, while the postsynaptic neuron was voltage clamped at a fixed holding potential of Ϫ40 mV. It is therefore possible that the frequency preference (resonance) of the presynaptic neuron directly or indirectly influences the synaptic preferred frequency. To examine this possibility, we tested for correlations between the preferred frequencies of the presynaptic neurons and those of the synapses. The PD to LP synaptic f max showed no significant correlation with the f max of the presynaptic PD neuron ( Fig. 4B; N ϭ 45 ; Pearson Product Moment, r ϭ 0.26, p ϭ 0.08). In contrast, the f max of the LP to PD synapse was positively correlated with the f max of the presynaptic LP neuron ( Fig. 4C ; N ϭ 54; Pearson Product Moment, r ϭ 0.63, p Ͻ 0.001).
We also examined whether there were other correlations present between the f max values of the PD and LP neurons and the f max values of the synapses and f network . These data involved 29 experiments and examined other paired combinations of the f max and f network values. Although in some cases, positive or negative trends were present, in none of the comparisons (other than f max-LP vs f max-LP to PD , reported above) there were any correlations that were statistically significant. These data are not shown.
The dependence of synaptic preferred frequencies on the voltage range of the presynaptic neuron
The strength of the synapses in the pyloric network is dependent on the presynaptic membrane potential (Rabbah and Nadim, 2007; . We were therefore interested to know how different voltage ranges of presynaptic oscillations affect the preferred frequencies of the synaptic currents. To address this question, we shifted the V high of the ZAP function in the voltage clamped presynaptic neuron to different levels while keeping the V low at a fixed initial value or vice versa. For the PD to LP synapse, the frequency profiles of the synaptic current peaked at a similar frequency in all voltage ranges imposed on the PD neuron (Fig.  5A1,B1 ). Shifting the maximum values of the presynaptic oscillation had no significant effect on the synaptic f max ( Fig. 5A2 ; N ϭ 11; one-way ANOVA, p ϭ 0.700). Similarly, shifting the minimum did not affect the synaptic f max either ( Fig. 5B2 ; N ϭ 10; one-way ANOVA, p ϭ 0.191). In these experiments, we imposed the ZAP function in the voltage clamped PD neurons; however, the major component of the PD to LP synaptic current in crab is from the AB neuron (Martinez and Nadim, unpublished observations). It was therefore possible that the difference of Ϯ4 mV in the V high of the PD oscillation resulted in a smaller voltage shift in the AB neuron and hence did not affect the f max . To test this possibility, we shifted the V high of the PD oscillation to Ϫ30, Ϫ25, Ϫ20, and Ϫ15 mV. Even with the larger voltage shifts, we found that the f max of the PD to LP synapse was not significantly different even when the maximum was varied in this larger range (data not shown; N ϭ 5; one-way ANOVA, p ϭ 0.68). We also examined the effects of shifting V high and V low on the peak phase of the PD to LP synapse and found no significant dependence of the peak phase on either ( Fig. 5A3,B3 ; two-way ANOVA, no significant effect of voltage range).
In contrast to the PD to LP synapse, the f max of the LP to PD synapse responded differently to changes in the voltage range of the presynaptic LP neuron. When the V high of the ZAP voltage range in the voltage clamped LP neuron was moved to a more depolarized level, the profile of the synaptic current peaked at a higher frequency (Fig. 6A1) . Therefore, shifting the V high higher increased f max ( Fig. 6A2 ; N ϭ 9, one-way ANOVA, p Ͻ 0.001). However, changing the V low of the LP oscillation did not have any effect on the peak of the frequency profile (Fig. 6B1 ) and different V low values had no significant effect on f max ( Fig. 6B2 ; n ϭ 10, one-way ANOVA, p ϭ 0.75). Shifting V high of the LP oscillation did have an effect on the peak phase of the LP to PD synapse at frequencies between 0.1 and 2 Hz but not at higher frequencies ( Fig. 6A3 ; two-way ANOVA with post hoc Tukey analysis, p Ͻ 0.05 for the effect of voltage range for f Ͻ 2 Hz). There was no significant shift in the peak phase of this synapse when V low of the LP oscillations was changed ( Fig. 6B3 ; two-way ANOVA, no significant effect of voltage range).
Frequency preference of the LP to PD synapse depends on the dynamic voltage range of the presynaptic neuron
We have shown that the LP to PD synapse f max is sensitive to the presynaptic voltage range and only to changes in the upper limit of this voltage range. In contrast, the PD to LP synapse shows little 
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sensitivity to the presynaptic voltage range. To further explore the voltage dependence of the LP to PD synapse, we examined its frequency dependence by changing the V high of the presynaptic ZAP function in a larger range, from Ϫ40 to 0 mV, in 5 mV intervals. In these experiments, to provide a better frequency resolution, we narrowed the frequency range to between 0.1 and 2 Hz. The examples of the IPSC versus frequency profiles are shown in Figure 7A . When V high was at Ϫ40 mV, there was usually little synaptic current and the synaptic profile was flat (Fig.  7A, black) . When V high was increased to Ϫ35 mV, the synaptic current profile showed a preferred frequency (Fig. 7A, red) , which persisted as V high was increased to Ϫ30 mV (Fig. 7A, blue) . However, as V high was increased to even higher values, the peak in the synaptic profile was gradually lost ( Fig. 7A ; Ϫ25 mV, green; Ϫ20 mV, magenta). Because the frequency-dependent profiles of the synaptic current changed drastically as V high was shifted from Ϫ40 to 0 mV, we used a simple empirical measure to quantify the power (or kurtosis: R) of the synaptic profile. We found that the value of R is dependent on the presynaptic V high (Fig. 7B ): when V high was increased, R first increased and then decreased and, in each experiment, there existed a value of V high (referred to as V R-max ) for which the synaptic profile showed the highest kurtosis (V R-max ϭ Ϫ35 mV for the example shown in Fig. 7B, arrow) . Overall, the R values showed a normal distribution as a function of V high with a peak of ϳ0.35 at Ϫ22.8 mV, indicating the average value of V R-max (Fig. 7C ). Figure 6 . The preferred frequency and peak phase of the LP to PD synapse are sensitive to the maximum limit, but not the minimum of the presynaptic voltage range. A1, Increasing the maximum of the voltage range (V high ) increased the preferred frequency of the LP to PD synapse. Curves are polynomial fits. A2, Aggregate data (N ϭ 9; one-way ANOVA, p Ͻ 0.001). A3, The peak phase (Fig.  3C ) of the LP to PD synapse is delayed for frequencies Ͻ 2 Hz, when V high is increased (two-way ANOVA with post hoc Tukey analysis, p Ͻ 0.05 for the effect of voltage range for f Ͻ 2 Hz). B1, Changing the minimum of the voltage range (V low ) had no influence on the preferred frequency of the LP to PD synapse. Curves are polynomial fits. B2, Aggregate data (N ϭ 10; one-way ANOVA, p ϭ 0.75). B3, The peak phase of the LP to PD synapse is insensitive to changes in V low (two-way ANOVA, no significant effect of voltage range).
Neuromodulation of the LP to PD synapse preferred frequency by the neuropeptide proctolin Our analysis of the LP to PD synapse showed that the value of V R-max was different across different preparations. This raised the possibility that these differences are due to the differences in the voltage dependence of the synapse across preparations . Both the LP to PD and the PD to LP synapse measured in this study are graded synapses and therefore their voltage dependence can be represented by the (sigmoidal) activation curve of the synaptic current . We hypothesized that the value of R would be highest when the synapse was in its dynamic range, i.e., around the midpoint (V 1 ⁄2) of the sigmoidal activation curve. In a previous study, we have also shown that the V 1 ⁄2 of the LP to PD synapse is shifted by ϳ10 mV to the left by the neuromodulatory peptide proctolin Oh et al., 2012) . Our hypothesis therefore led to two predictions: first, that the value of V R-max is correlated with V 1 ⁄2 and, second, that by shifting the value of V 1 ⁄2, proctolin would also shift V R-max to the left and preserve this correlation. To test these predictions, we compared the relationship of V R-max with the synaptic activation curve by measuring both attributes in each preparation. We did this by applying presynaptic ZAP functions with different V high values as well as trains of voltage pulses with different amplitudes (see Materials and Methods).
We found that the neuromodulator proctolin increases the value of R for the LP to PD synapse. The maximal R value increased drastically with proctolin treatment (Fig. 8A) , on average by 565% (N ϭ 13; paired Student's t test, p ϭ 0.002; control: 0.38 Ϯ 0.36, proctolin: 2.14 Ϯ 2.14; Fig. 8B, inset) . As predicted by our hypothesis, the mean value of V R-max also shifted to lower voltages (from Ϫ22.8 Ϯ 1.0 mV in control to Ϫ30.3 Ϯ 1.0 mV in proctolin; Fig. 8B ). Proctolin treatment also enhanced the level of membrane potential resonance in the LP neuron: there was a 57% larger impedance value at the resonance frequency compared with control (voltage range: Ϫ60 to Ϫ30 mV; N ϭ 13; paired Student's t test, p ϭ 0.002; control: 9.88 Ϯ 3.34 M⍀, proctolin: 15.50 Ϯ 4.64 M⍀) but the resonance frequency was, on average, unchanged (paired Student's t test, p Ͼ 0.5).
Consistent with published results , proctolin enhanced the synaptic strength and shifted the half-activation voltage (V 1 ⁄2) of the LP to PD synaptic current to more hyperpolarized values (Fig. 8C) . Furthermore, in the aggregate data from control and proctolin experiments, there was a correlation between V 1 ⁄2 and V R-max (N ϭ 13; Pearson Product Moment, r ϭ 0.50, p ϭ 0.009; Fig. 8D ). In N ϭ 3 experiments, proctolin had no effect on the half-activation voltage, and the voltage of maximum producing the strongest effect was the same as control, which was consistent with our hypothesis (data not shown).
These results indicated that the LP to PD synaptic current exhibited a preferred frequency only when the V high of the presynaptic neuron was near the value of V 1 ⁄2, i.e., in the dynamic range of the synaptic activation curve (Fig. 8A) . We therefore examined whether, during the ongoing pyloric activity, the V high of the LP neuron oscillation fell within this range. To determine this, we recorded the LP membrane potential during the ongoing pyloric activity (Fig. 8E , inset, gray trace) and low-pass filtered the recording to generate the slow waveform of the LP neuron (Fig. 8E, inset, green trace) . The voltage ranges of the slow waveform were measured and the V high values of the slow waveforms were compared with the V 1 ⁄2 of the LP to PD synaptic current. These results showed that the voltage range of the LP slow waveform was indeed within the dynamic range of the synaptic cur- shifted the preferred frequency and changed the amplitude of the IPSC at all frequencies. B, The kurtosis ( R) of the synaptic profile depends on the value of V high , with a maximum R value (R max ) at V high ϭ V R-max . Inset, R is measured as the absolute value of the product of the chord slopes S 1 and S 2 of the synaptic profile, measured from the peak to both ends. C, The value of R plotted as a function of V high indicates an average peak response at V high Ϸ Ϫ22.8 mV.
Curve shows fit with a Gaussian function A/͑wͱ/ 2͒exp͑ Ϫ 2͑v Ϫ v C ͒/w͒ 2 ); A ϭ 6.06, w ϭ 13.65, V C ϭϪ22.8).
rent, indicating the synaptic preferred frequency likely exists in the pyloric network under the naturally ongoing rhythm (Fig. 8E) .
Discussion
Oscillatory networks are composed of a variety of neuron types that interact through recurrent synaptic connections. In many oscillatory systems, individual neuron types have preferred frequencies at which they respond maximally to oscillatory inputs, a property known as membrane potential resonance (Hutcheon and Yarom, 2000) . Additionally, most synapses show frequencydependent dynamics due to short-term plasticity (Nadim and Bucher, 2014) and, in some cases, respond with maximal efficacy to presynaptic activity at a preferred frequency (Izhikevich et al., 2003) . A large number of studies have shown that the resonance frequency of network neurons is correlated or associated with the network oscillation frequency (Lampl and Yarom, 1997; Leung and Yu, 1998; D'Angelo et al., 2001; Tohidi and Nadim, 2009; Lau and Zochowski, 2011) . In some cases, membrane resonance in the same system can arise from distinct mechanisms (Hu et al., 2009) and, in the hippocampus, different neuron types have been activation curve midpoint (V 1 ⁄2) of the synapse and both V R-max and V 1 ⁄2 shift to lower voltages in the presence of the modulator proctolin. Such a shift could be a way for proctolin to modulate the network activity by changing the dynamic properties of this synapse.
Conclusions
We used identified neurons of the crab pyloric network to show that the neurons and synapses in an oscillatory network can have distinct preferred frequencies. Our findings demonstrate that, even when network oscillations occur at a stable frequency, this frequency is not necessarily the consequence of coincident preferred frequencies of the network components, but may arise from a dynamic interaction between the frequency-dependent properties of these components. Furthermore, the frequency preferences of the components may be distinct targets of neuromodulation, thus resulting in a flexible range of network outputs.
